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increase	 in	macroinvertebrate	 abundance,	 body	mass,	 and	biomass	 in	 the	warmest	
streams,	 driven	 by	 increasing	 dominance	 of	 snails	 and	 blackfly	 larvae.	 Presence	 of	
habitat	complexity,	however,	dampened	the	strength	of	this	temperature	effect	on	the	
abundance	of	macroinvertebrates	 in	 the	benthos.	The	 interactive	effects	 that	were	
observed	suggest	that	habitat	complexity	can	modify	the	effects	of	temperature	on	
important	ecosystem	functions	and	community	structure,	which	may	alter	energy	flow	
through	 the	 food	web.	Given	 that	warming	 is	 likely	 to	 increase	habitat	 complexity,	
particularly	at	higher	latitudes,	more	studies	should	investigate	these	two	major	envi-
ronmental	 factors	 in	 combination	 to	 improve	 our	 ability	 to	 predict	 the	 impacts	 of	
	future	global	change.
K E Y W O R D S
climate	change,	community	composition,	ecosystem	process	rates,	freshwater	ecosystem,	global	
warming,	vegetation	cover
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1  | INTRODUCTION
Accelerated	 planetary	warming	 is	 now	well	 established	 and	 is	 pre-










ecosystems	 is	 vital	 to	 inform	 conservation	 planning	 and	 mitigation	
strategies.
Warming	 may	 alter	 the	 composition	 of	 communities,	 as	 spe-
cies	 living	 near	 their	 upper	 thermal	 limits	 are	 likely	 to	 be	 excluded	
(Chevaldonné	&	 Lejeusne,	 2003;	 Somero,	 2010).	This	 is	 particularly	
true	 in	 freshwater	 habitats,	 whose	 discrete	 ecosystem	 boundaries	
constrain	 the	 species	 range	 shifts	 seen	 for	 many	 marine	 and	 ter-
restrial	 taxa	 (Chen	et	al.,	2011;	Perry,	 Low,	Ellis,	&	Reynolds,	2005).	





(Lejeusne,	 Chevaldonné,	 Pergent-	Martini,	 Boudouresque,	 &	 Pérez,	
2010;	Walther	et	al.,	2002).	Such	effects	have	been	shown	to	lead	to	
a	reduction	in	community	similarity	between	sites	as	the	temperature	










community	 biomass,	 particularly	 at	 higher	 trophic	 levels	 (Fussmann,	








consequent	 impacts	 on	 nutrient	 flow	due	 to	 enhanced	 productivity	











may	 affect	 higher	 trophic	 levels	 due	 to	 altered	 resource	 availability.	




ing	 alters	 species	 that	 facilitate	 the	 presence	 of	many	 other	 organ-
isms	 in	 the	 food	 web,	 such	 as	 ecosystem	 engineers.	 For	 example,	
warming-	induced	 changes	 to	 the	 species	 composition	 and	 biomass	
of	plants	or	algae	may	alter	the	structural	complexity	of	habitat	avail-
able	for	other	organisms	to	colonize	and	thus	a	major	determinant	of	
community	 composition	 and	 ecosystem	 functioning	 (Alatalo	 J.M.	 &	
Jägerbrand	A.K.,	 2015;	Gudmundsdottir	 et	al.,	 2011;	Hollister	 et	al.,	
2015).	 Macrophytes	 are	 a	 key	 component	 of	 habitat	 complexity	 in	
many	 freshwater	ecosystems	 (Gregg	&	Rose,	1985;	Thomaz,	Dibble,	
Evangelista,	 Higuti,	 &	 Bini,	 2008)	 and	while	 the	 effects	 of	 nutrient	
levels,	 light	 penetration,	 and	 sedimentation	 on	 macrophyte	 cover	
have	been	intensely	investigated,	the	impact	of	warming	is	less	clear	





The	 three-	dimensional	 structure	 provided	 by	 macrophytes	 may	
help	 to	 shelter	 organisms	 from	 environmental	 disturbance	 and	 pre-
dation	 (Heck	&	Wetstone,	 1977).	As	 such,	 substrate	with	 a	 greater	
fractal	 complexity	 has	 been	 experimentally	 demonstrated	 to	 sup-
port	 higher	 species	 richness	 and	 abundance	 in	 streams	 (Taniguchi	
&	Tokeshi,	 2004),	 rivers	 (Gregg	&	Rose,	 1985),	 and	 tropical	 lagoons	
(Attrill,	 Strong,	 &	 Rowden,	 2000;	Heck	&	Wetstone,	 1977;	Thomaz	





Spivak,	 2009).	They	may	 also	 have	 negative	 effects,	 such	 as	 reduc-
ing	the	biomass	of	benthic	algal	communities	by	filtering	the	amount	
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demands	of	consumers	living	in	warmer	environments,	facilitating	the	







key	 insights	 into	the	effects	of	warming	 (Petchey	et	al.,	1999;	Yvon-	
Durocher,	Montoya,	Trimmer,	&	Woodward,	2011)	and	the	interaction	
with	other	environmental	variables	such	as	nutrient	supply	(McElroy	




logistically	 complicated	 and/or	 expensive	 (Hogg	 &	Williams,	 1996;	
Nelson	et	al.,	2016).	In	contrast,	utilizing	natural	warming	experiments	











Specifically,	 increasing	 temperature	 is	 expected	 to	 lead	 to	 (H1a)	






et	al.,	2010);	and	 (H4-	6a)	a	 reduction	 in	 the	abundance,	mean	body	
size,	and	biomass	of	invertebrates,	due	to	their	higher	metabolic	de-
mands	and	a	general	 trend	 toward	 smaller	body	 size	 in	warmer	en-
vironments	(Brown,	Gillooly,	Allen,	Savage,	&	West,	2004;	Daufresne	
et	al.,	 2009).	Additionally,	 greater	 habitat	 complexity	 is	 predicted	 to	
lead	 to	 (H1b)	 increased	growth	of	epiphytes	 (Newman,	1991;	Pettit	
et	al.,	2016),	but	a	reduction	in	benthic	algae	due	to	shading	(Charlene	
et	al.,	 1976;	 Glasby,	 1999;	 Robinson	 &	 Rushforth,	 1987);	 (H2b)	 in-
creased	 decomposition	 rate,	 due	 to	 harboring	 of	 detritivorous	 bac-
teria	and	 invertebrates	 (Newman,	1991;	Sagrario	et	al.,	2009);	 (H3b)	
a	 reduction	 in	 macroinvertebrate	 community	 similarity,	 as	 different	
species	utilize	the	novel	microhabitat	(Gregg	&	Rose,	1985;	Taniguchi	
&	Tokeshi,	2004);	and	(H4-	6b)	increased	abundance,	mean	body	size,	




2  | MATERIALS AND METHODS
2.1 | Study site





of	 the	 streams	 (Friberg	 et	al.,	 2009;	Woodward	 et	al.,	 2010).	While	
water	chemistry	measurements	were	not	taken	during	the	study	pe-
riod,	previous	work	in	the	same	streams	has	indicated	no	confounding	
effects	of	 temperature	on	 the	major	nutrients	and	minerals	 (Adams	
et	al.,	2013;	Demars	et	al.,	2011;	Friberg	et	al.,	2009;	Guðmundsdóttir,	
Ólafsson,	 Palsson,	 Gíslason,	 &	Moss,	 2011;	 O’Gorman	 et	al.,	 2012;	







H1 Primary	production ↑ ↑	(epiphytes);	
↓	(shading)
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pollutants	or	 allochthonous	 inputs	 to	 the	 streams,	 creating	 an	 ideal	
“natural	warming	experiment”	and	the	opportunity	to	investigate	the	
impacts	 of	 varying	 temperature	 on	 intact	 communities	 under	 real-	
world	conditions	(O’Gorman	et	al.,	2014;	Woodward	et	al.,	2010).
One	of	the	major	biotic	differences	between	the	streams	is	an	in-
crease	 in	 cover	of	 the	 aquatic	 bryophyte	Fontinalis antipyretica	with	









ture	 range	 of	 5–18°C,	which	was	 the	maximum	 temperature	 range	
available	at	 that	 time	of	year	 (Figure	1a).	Stream	temperatures	were	
recorded	 at	 hourly	 intervals	 using	 temperature	 loggers	 (DS1921G	














(Sourcingmap,	 Shenzhen,	 China),	 with	 fronds	 measuring	 27	×	8	cm	
and	 a	 4	×	2	cm	 ceramic	 base,	 were	 secured	 to	 every	 second	 rebar	
in	 the	 experiment	 to	 create	 the	 habitat	 complexity	 treatment,	with	
all	 other	 plots	 designated	 as	 controls	 (Figure	1b).	 The	 structure	 of	
these	aquarium	plants	closely	resembles	the	bryophyte	F. antipyretica,	
which	 is	prevalent	 in	 the	warm	streams	at	Hengill	 (Gudmundsdottir	
et	al.,	2011).	The	aquarium	plants	were	attached	by	positioning	 the	
base	 upstream	 of	 the	 rebar,	 splitting	 the	 fronds	 evenly	 around	 the	











production	during	 the	 experiment,	 the	 chlorophyll	 concentration	of	













which	 time	 chlorophyll	 concentration	was	measured	 using	 a	 Lange	
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Cellulose	 cotton	 strips	measuring	 25	×	8	mm	were	 prepared	 at	 the	
outset	 of	 the	 experiment	 using	 the	 same	 artist	 fabric	 and	 standard	










as	 the	minimum	 load	 required	 to	 break	 each	 strip.	 The	 percentage	
























abundance-	weighted	 arithmetic	mean	 body	mass	 of	 all	 taxa,	which	
was	necessary	because	different	taxa	have	different	abundances,	and	
the	 body	mass	 of	 every	 individual	 in	 every	 plot	was	 not	measured.	
The	 average	 total	 biomass	of	macroinvertebrates	per	 treatment	per	
stream	was	calculated	by	multiplying	the	average	total	abundance	by	
the	mean	body	mass	of	macroinvertebrates.





















ment	 only.	 This	 equates	 to	 a	 Before–After-	Control-	Impact	 design	
(Underwood,	1997),	where	 treatment	effects	can	be	ascertained	by	
comparing	 (b–d)	with	 (a).	A	different	 result	 between	 (a)	 and	one	or	
more	of	(b–d)	suggests	that	there	was	a	temporal	or	treatment	effect	






All	 response	 variables	were	 analyzed	 using	 linear	 mixed	 effects	
models	(“lme”	function	in	the	“nlme”	package),	with	temperature	(con-







of	species	 for	which	a	 test	was	successfully	performed.	Note	 that	a	
separate	 correction	was	 applied	 for	 average	 total	 abundance,	mean	





distances).	Nonmetric	multidimensional	 scaling	 (nMDS)	was	used	 to	
visualize	 the	similarity	 in	macroinvertebrate	community	composition	
6  |     SCRINE Et al.

















There	was	a	significant	 increase	 in	 the	rate	of	cellulose	decomposi-
tion	with	increasing	temperature,	indicated	by	the	greater	percentage	







macroinvertebrate	 community	 composition	 for	 all	 four	 data	 sub-
sets	 (Table	3).	Specifically,	 the	community	composition	of	 the	 two	












There	was	no	 significant	 effect	of	 temperature	on	 average	 total	





effect	 of	 temperature	 and	 habitat	 complexity	 on	 the	 average	 total	
abundance	of	macroinvertebrates	 in	 the	benthic	comparison,	with	a	
much	weaker	 effect	 of	 temperature	 on	 abundance	 in	 the	 presence	
of	 the	 habitat	 complexity	 treatment	 (Table	4,	 Figure	5c).	 The	 mean	
body	mass	and	average	total	biomass	of	the	macroinvertebrate	com-














In	 this	 study,	 effects	 of	 temperature	were	observed	on	 key	eco-
system	functions	(primary	production	and	decomposition)	and	the	
macroinvertebrate	 community	 (altering	 composition,	 abundance,	
mean	body	mass,	and	total	biomass).	There	were	interactive	effects,	









Comparison Treatment F- value p- Value
Start temp 1.819 .235
hc 1.355 .297
temp:hc 0.220 .659
End temp 1.936 .223
hc 61.14 <.001
temp:hc 16.608 .010
Benthic temp 0.991 .365
hc 1.390 .292
temp:hc 0.625 .465
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the	effect	of	temperature	on	the	abundance	of	macroinvertebrates	
in	 the	benthos.	Effects	of	habitat	 complexity	were	 largely	driven	
by	the	simple	addition	of	new	three-	dimensional	habitat	structure,	
rather	 than	 mediating	 change	 within	 the	 benthos.	 These	 results	
suggest	that	both	temperature	and	habitat	complexity	could	alter	












y1 = 0.260	−	0.005x,	y2 = 0.182 + 0.021x,	












Comparison Treatment F- value p- Value
Start temp 12.56 <.001
hc 1.186 .294
temp:hc 0.285 .976
End temp 11.96 <.001
hc 3.293 .001
temp:hc 3.351 .001
Benthic temp 11.69 <.001
hc 0.309 .974
temp:hc 1.519 .141
Habitat temp 8.475 <.001
hc 3.056 .002
temp:hc 3.605 <.001
Here,	 “temp”	 is	 the	main	 effect	 of	 temperature,	 “hc”	 is	 the	main	 effect	
of	habitat	 complexity,	 and	 “temp:hc”	 is	 the	 interactive	 effect	 of	 the	 
two.










the	 disturbance	 caused	 by	 removing	 vegetation	 at	 the	 start	 of	 the	















Abundance Body mass Biomass
F- value p- Value F- value p- Value F- value p- Value
Start temp 0.043 .844 17.53 .009 40.07 .002
hc 0.013 .914 0.184 .686 0.638 .461
temp:hc 0.092 .774 0.929 .379 0.145 .719
End temp 3.322 .128 12.13 .018 61.99 <.001
hc 31.716 .002 4.179 .096 4.367 .091
temp:hc 0.750 .426 0.503 .510 1.076 .347
Benthic temp 2.387 .183 12.72 .016 70.30 <.001
hc 0.327 .592 0.087 .780 0.107 .757
temp:hc 9.770 .026 0.097 .768 1.931 .223
Habitat temp 1.705 .248 22.62 .005 24.37 .004
hc 2.550 .171 0.084 .784 0.274 .623
temp:hc 1.023 .358 1.025 .358 0.082 .786


























demonstrated	to	 increase	 in	response	to	 in situ	experimental	warm-








benthic	 chlorophyll	 concentrations,	 in	 contrast	 to	 H1b	 (Table	1).	 A	
negative	effect	of	shading	had	been	expected,	as	aquatic	primary	pro-







































coverage	would	 offer	 shelter	 and	 a	 food	 resource	 for	 decomposer	
communities	that	may	stimulate	such	an	effect	under	real-	world	con-
ditions	(Newman,	1991;	Sagrario	et	al.,	2009).	Further	work	utilizing	
live	 plants	 as	 opposed	 to	 artificial	 structures	may	 provide	 a	 clearer	
understanding	of	the	impact	of	plant	cover	on	decomposition	rates.
4.3 | Macroinvertebrate community
Temperature	 altered	 the	 composition	 of	 the	 macroinvertebrate	
community,	 supporting	 H3a	 (Table	1).	 Broadly,	 the	 streams	 above	
































































the	macroinvertebrate	 community.	The	 success	 of	 this	 snail	 grazer	 in	
warmer	conditions	may	be	partially	due	to	enhanced	epiphytic	biofilm	
growth,	as	observed	on	the	artificial	plants	in	this	experiment	(Figure	2).
In	 contrast	 to	 H5b	 (Table	1),	 there	was	 no	 change	 in	 the	mean	
body	mass	 of	 the	macroinvertebrate	 community	 in	 the	 presence	 of	
habitat	complexity.	Plant	structure	has	been	shown	to	reduce	localized	
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water	velocity	due	to	the	shelter	provided	from	stream	flow	(Madsen,	
Chambers,	 James,	 Koch,	 &	 Westlake,	 2001;	 Marshall	 &	 Westlake,	




























(Bakker	 et	al.,	 2016;	 Lodge,	 1991)	 and	 a	more	 heterogeneous	 plant	

















It	 should	also	be	noted	that	brown	trout,	Salmo trutta,	 is	present	 in	
the	five	warmest	streams,	but	not	the	two	coldest	ones	studied	here	




(f)	y =	−0.925	+	0.274x,	r2	=	0.93;	(g)	y =	−0.881	+	0.259x,	r2	=	0.89;	(h)	y =	−1.118	+	0.267x,	r2	=	0.92







top–down	 control	 from	 this	 large	 apex	 predator.	 Experimental	ma-
nipulation	of	brown	trout	would	be	required	to	confirm	this.
The	differences	between	the	habitat	complexity	treatment	in	this	
experiment	 and	 real	macrophytes	 should	 not	 be	 overlooked.	 In	 ad-












exhibiting	 chemical	 defense	 against	 the	 growth	 of	 epiphytes	 (Ervin	
&	Wetzel,	2003;	Gross,	1999;	Pakdel,	Sim,	Beardall,	&	Davis,	2013).	
Thus,	 the	 algicidal	 potential	 of	 Fontinalis antipyretica	 (Gross,	 1999)	
may	 limit	 the	 increased	 growth	 of	 epiphytes	 seen	 on	 the	 artificial	
plants	at	higher	temperatures	here.	These	differences	are	a	necessary	
trade-	off	between	utilizing	a	 substrate	 that	 is	 representative	of	 real	
macrophytes	and	precisely	standardizing	the	physical	structure	of	the	
habitat	complexity	manipulation,	which	was	achieved	here.	Follow-	up	




tat	 complexity	 can	 alter	 the	 structure	 and	 functioning	 of	 freshwater	












broader	 relevance	 should	 not	 be	 underestimated.	 The	 earliest	 onset	
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